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A B S T R A C T

New-age business and information technology paradigms that maintain present and future goals to meet

their fundamental requirements while protecting nature and the variety of natural processes of ecosystems

lead to sustainable development. To understand sustainable development, one must first understand that

there are limits to how far society can continue to develop in its current form. With the development of infor-

mation technology, the informatization and digitization of freight transportation have been realized, and it

has become possible to explore new paradigms of sustainable development. However, a major improvement

in freight transportation technology is needed to link environmental development with sustainable business

development. In this context, on the basis of the analysis of the freight coordination evaluation index system

and the availability of information data, this paper built an improved gray correlation analysis model and a

coordination evaluation model. It also discussed the content of the structural adjustment of freight transport

based on an empirical study of the coordination between China’s freight transport and economic develop-

ment. The research shows that after the adjustment of the freight structure, the economic coordination of

China's freight structure has realized a V-shaped process of first decreasing and then improving. The future

structural adjustment of freight transport should be focused on the eastern and central regions of China,

with special attention to improving the coordination of freight transport in the central region.
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Introduction

Researchers have recently taken an active interest in the creation

of business models that support the goals of sustainable development

(Bansal & Singh,2020;Lee & Suh, 2022; Marti & Puertas, 2022; Man-

gla, Kazanço�glu,Yıldızbaşı, €Ozt€urk, and Çalık, 2022; Chopra, Singh,

Gupta, Aggarwal, Gupta, and Colace, 2022). Researchers are using

cutting-edge technologies, such as IoT (Madhu, Padunnavalappil,

Saajlal, Vasudevan, and Mathew, 2022), smart development, RFID

(Sejdiu, Ismaili, and Ahmedi, 2020), cloud computing (Al-Qerem,

Alauthman, Almomani, and Gupta, 2020), and artificial intelligence

(Elgendy, Zhang, He, Gupta, El-Latif, and Ahmed, 2021), for the crea-

tion of sustainable business models. Freight transportation has a sig-

nificant impact on the environment and sustainable development

(Benadda & Belalem, 2020; Kumar, Poonia, Gupta, and Goyal, 2021).

Fig. 1 illustrates a variety of papers related to sustainable develop-

ment and freight transportation that have been published. As seen in

Fig. 1, scholars are increasingly concerned with building business

paradigms that result in quantifiable progress beyond 2019. How-

ever, road transportation is the most unsustainable mode of trans-

portation due to its high freight costs, high energy consumption, and

heavy pollution. Since 2008, road transport has become the dominant

means of transportation in China and will cross 80 billion pieces in

2020. In contrast, rail, water, and pipeline transport, regardless of

their low energy consumption and low levels of pollution, comprise a

decreasing proportion. The problem of poorly structured freight

transport in China has become increasingly prominent. To achieve

sustainable development goals through freight transport, the China

State Council issued the Three-Year Action Plan for Restructuring

Transportation (2018-2020) (hereafter referred to as the Action

Plan). The structural adjustment of China’s freight transport achieved

satisfactory results between 2018 and 2020. However, the realization

of adjustment goals does not mean the optimization and sustainable
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development of the freight transport structure. To explore the con-

tent of future structural adjustments of freight transport, it is neces-

sary to evaluate and study the coordination between freight

transport and the economy.

Coordination indicators include the supply-demand ratio, the

degree of coupling, the coefficient of elasticity, and the intensity of

transport. Owing to the simplicity and specificity of commonly used

indicators, they are unsuitable to comprehensively measure the coor-

dination between the freight transport structure and the economy.

Therefore, this article considered establishing a comprehensive, rep-

resentative and operable coordination evaluation index system for

freight transportation. The freight transport system is an integral part

of the economic and social system, and the two interactively influ-

ence each other. Therefore, the evaluation of coordination should

reflect the degree of mutual influence between the two by including

the role of economic and social development in driving the develop-

ment of the freight transport industry, the role of the development of

the freight transport industry in boosting economic development,

and the constraints of investment in fixed assets on the development

of freight transport. In this context, on the basis of the analysis of the

freight coordination evaluation index system and the availability of

information data, this paper built an improved gray correlation anal-

ysis model and a coordination evaluation model. It also discusses the

content of the structural adjustment of freight transport based on an

empirical study of the coordination between China’s freight transport

and economic development. The main innovation of this paper is that

it constructs a comprehensive and operable index system for evaluat-

ing the economic coordination of freight structures from the perspec-

tive of the relationship between freight and the economy.

Considering the difficulties of statistical work, this paper uses the

improved gray correlation analysis method to solve the adaptability

evaluation model, which improves the reliability of the results. This

paper is structured as follows. Section 1 presents an overview of the

study, Section 2 explains the comparison with previous studies, and

Section 3 establishes an evaluation index system. Section 4 builds an

evaluation model, Section 5 analyzes the coordination between Chi-

na’s freight transport structure and the economy, Section 6 presents

discussions, and Section 7 concludes.

Literature review

Research on the establishment of coordination evaluation indicators

Due to digitization, there has been a rapid development in the

transport sector (Pashchenko, 2022; Zhou, Gaurav, Gupta, Lytras, and

Razzak, 2021; Ramaru, Garg, and Chakraborty, 2022). Studies on

transportation evaluation are roughly divided into two categories:

transportation performance and transportation coordination. Yuan

and Lu (2001) divided the evaluation indicators of the transportation

system into three parts: transportation functions, including accept-

ability, safety and comfort; environmental protection, including air

and water pollution and noise; and resource utilization, including

energy, land and human resources. Kanafani and Wang (2010) estab-

lished an analysis framework for the evaluation of the multimodal

transport service level, constructed service level indicators from the

perspective of the demand and supply sides, and used indirect utility

functions to measure performance. Kumar, Parida, and Swami (2013)

evaluated the performance of multimodal transport, the evaluation

indicators of which included travel time, service level, interconnec-

tivity ratio, waiting index, and operation index. Many scholars have

researched coordination in transportation. The targets of sustainable

transportation generally include pollution control, energy consump-

tion, the reduction of accident rates, and the improvement in the liv-

ability and economic well-being of cities. Kennedy, Miller, Shalaby,

Maclean, and Coleman (2005) put forward the four pillars of sustain-

able transportation: effective regulations on land use and transporta-

tion; fair, efficient and stable investment; strategic infrastructure;

and attention to neighborhood design. Jeon, Amekudzi, and Guensler

(2010) adopted a multicriteria decision-making method and evalu-

ated transportation coordination in the Atlanta region based on four

indicators: transportation efficiency, environmental coordination,

economic coordination, and social coordination. Salling and Pryn

(2015) developed a sustainable planning and decision-making sup-

port framework for the assessment of transportation infrastructure.

They evaluated four aspects of transportation coordination: technol-

ogy and infrastructure, business and finance, policies and institutions,

and social and community groups. Rajak, Parthiban, and Dhana-

lakshmi (2016) used fuzzy logic to evaluate the performance of sus-

tainable transportation. They stated that coordination included four

dimensions: economic coordination, social coordination, environ-

mental coordination, and the effectiveness of the transportation sys-

tem. Ahangari, Garrick, and Atkinson-Palombo (2016) developed the

National Transportation Coordination Index based on ten different

coordination indicators and used this framework to test the coordina-

tion indices of the United States and 27 European countries from

2005 to 2011. Lu and Liu (2018) constructed an evaluation system for

the development of sustainable transportation based on SVM from

four perspectives: economic development, transportation demand,

energy consumption, and environmental pollution. Kumar and Anba-

nandam (2019) adopted fuzzy logic to evaluate the coordination of

the freight transport industry in developing countries such as India

using an evaluation framework consisting of 74 social coordination

Fig. 1. Number of Documents Published on Sustainable Development, 2001−2021
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indices, 16 dimensions, and 4 enablers. Pathak, Thakur, and Rahman

(2019) proposed a framework for evaluating coordination perfor-

mance that included a four-stage model integrating Delphi research,

TISM (Total Interpretive Structural Modeling) and FAHP (Fuzzy Ana-

lytical Hierarchy Process). They used SPI (Sustainability Performance

Index) scores to help logistics professionals select the most sustain-

able freight transport system. These studies show that freight trans-

port is evaluated primarily from the perspectives of service level and

environmental sustainability. However, few studies have conducted

this evaluation based on coordination between freight transport and

economic development; thus, it is necessary to study this issue from

the perspective of coordination with the economy. The comparison

between this study and the above literature is shown in Table 1.

Research on the relationship between transportation and sustainable

development

The relationship between transportation and sustainable develop-

ment has been a constant concern and a subject of research. Different

studies roughly divide the causal relationship between the two into

four types. The first is unilateral influence, of which there are two

options. The first is that transportation drives economic growth, such

as in India from 1970 to 2010 (Pradhan, 2010; Pradhan & Bagchi,

2013), Iran from 1963 to 2009 (Bahrami, 2012) and China from 1975

to 2007 (Sahoo, Dash, and Nataraj, 2012). The second option is that

economic development promotes the growth of transportation, such

as in the case of Côte d’Ivoire from 1970 to 220 (Keho & Echui, 2011)

and in India from 1990 to 2011 (Maparu & Mazumder, 2017). The

second type of causal relationship is mutual influence, that is, mutual

promotion and mutual cause-and-effect interactions between trans-

portation and economic development, such as in the case of Nigeria

from 1983 to 2012 (Odinakachi, Ezeji, andAkujuobi, 2015) and the

relationship between transportation and economic growth in 75

countries covering high, middle, and low incomes from 2000 to 2014

(Saidi & Hammami, 2017). The third type is the coexistence of unilat-

eral and mutual influence in subregions. For example, Yu, De, Storm,

and Mi (2012) used China’s panel data and Granger causality frame-

work to verify the relationship between transportation and economic

growth in China. They found mutual influence in eastern China and

unilateral influence in Central and Western China. For the fourth

type, the causal relationship cannot be determined. For example, the

study by Kuştepeli, G€ulcan, and Akg€ung€or, (2012) on the relationship

between infrastructure and economic growth in Turkey did not show

a clear causal relationship between the two. Bhunia (2011) posited

that although transportation infrastructure and economic growth

had a mutual positive influence on each other in India between 1991

and 2010, the influence was not significant. This review of the litera-

ture shows that most studies have focused on the evaluation of trans-

portation infrastructure and its relationship with economic growth,

while less attention has been given to the relationship between

freight transport and the economy (Gao, Zou, Chen, Ma, Li, and Zhang,

2020). Few studies have been conducted on the coordination

between different modes of freight transport in different regions and

the coordination between different modes of freight transport and

the economy as a whole or from a regional perspective. The compari-

son between this study and the above literature is shown in Table 2.

Establishment of a coordination evaluation index system

Ideas, principles, and methods for indicator selection

Ideas for indicator selection

Establishing scientific and reasonable evaluation indicators is the

basis for determining whether the structure of freight transport is

coordinated with economic development. Therefore, determining a

reasonable index system using methods such as cluster analysis,

comparative analysis, and qualitative and quantitative analysis is

necessary. Other requirements include a consideration of the princi-

ples of integrity, pertinence, and operability of the evaluation indica-

tors and ensuring the scientificity and validity of the selection of

indicators through the preliminary selection and improvement of

indicators.

Principles for indicator selection

Owing to the complex interaction between freight transport and

economic development, to ensure its effectiveness, objectivity, and

practicality, indicator selection must be carried out under the guid-

ance of a series of selection principles.

(1) The principle of comprehensiveness. The impact indicators of

freight transport on the economy and the impact indicators of

the economy on freight transport should be included equally.

Table. 1

Literature comparison (a)

Research on freight

evaluation

Transportation

sustainability

evaluation

Freight

industry

evaluation

Coordination

of freight

structure

Yuan and Lu, 2001 x x -

Adib andWang, 2010 - x -

Kumar etc., 2013 - x -

Kennedy and Miller, 2005 x - -

Jeon etc.,2010 x x -

Salling and Pryn, 2015 x - -

Rajak etc.,2016 x - -

Ahangarietc.,2016 x - -

Lu and Liu,2018 x - -

Kumer and Anbanandam,

2019

- x -

Pathak etc,.2019 - x -

This study - x x

Table. 2

Literature comparison (b)

The relationship between transportation

and economic growth

Transportation drives

economic growth

Economic growth

promotes transportation

Freight and economic relations

Pradhan,2010; x £ -

Bahramim, 2012 x £ -

Sahoo etc., 2012 x £ -

Pradhan and Bagchi, 2013 x £ -

Keho and Echui, 2011 £ x -

Maparu and Mazumder, 2017 £ x -

Odinakachi etc., 2015 x x -

Saidi and Hammami, 2017 x x -

Yu etc., 2012 Eastern China Eastern China, central and Western China -

Bhunia, 2011 Not significant Not significant -

Kuştepeli etc.,2012 Not obvious Not obvious -

This study - - x
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Similarly, the impact indicators of various elements of freight

transport on the economy and the impact indicators of eco-

nomic development factors on freight transport must be

included.
(2) The principle of dominance. Having too many indicators pre-

cludes concentrating on the key impact indicators of freight

transport and the economy, leading to a lack of dominance and

significance in the evaluation. Therefore, selecting key indicators

is necessary.

(3) The evaluation indicators must reflect the future trend of freight

transport and economic development. In other words, freight

transport must meet the needs of economic development at pres-

ent and in the future.
(4) Given that some indicators are noncomputable or require overly

complicated calculation methods, selecting indicators that are

computable, data supported, and objective is necessary for the

calculation of indicators to be operable.

Methods for indicator selection

(1) Perform a cluster analysis of the indicators and divide them into

input indicators and output indicators;

(2) Perform comparative analysis on the indicators and select typi-

cal indicators in each category. The steps are as follows. First,

assume that the set of indicators in cluster analysis is

Xi ¼ fxi1; xi2;⋯; xijg; jði; j ¼ 1;2;⋯; nÞ; and xij represents the ith

indicator in the jth category of indicators. Second, let Xij ¼ fx1ij; x1ij
⋯; xpijg be the sample of the ith indicator in the jth category of

indicators, Xil ¼ fx1il; x1il;⋯; xp
il
;⋯; xNilg be the sample size of the ith

indicator in the lth category, p ¼ 1;2;⋯; N; and N be the number

of samples. Calculate the correlation coefficient of the ith indica-

tor and the jth indicator in the lth category of indicators rjli , as rep-

resented in Eq. 1:

rjli ¼
N
P

p xpij � xpij

� �

�P

px
p
ij �

P

px
p
il

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N
P

p xpij

� �2
� P

px
p
ij

� �2
� �

N
P

p xp
il

� �2 � P

px
p
il

� �2
� �

s : ð1Þ

Third, calculate the coefficient of determination of the i-th indica-

tor in the j-th category of indicators (Eq. 2):

r2ij ¼
1

n

X

n

j¼1

rjli

� �2
: ð2Þ

(3) Qualitative and quantitative analyses were performed on the indi-

cators, and r2ij ¼ maxfr2ij g was selected as the typical indicator in

this category of indicators.

Selection of evaluation indicators

Preliminary selection of indicators

The commonly used method for the preliminary selection of indi-

cators is the three-level indicator selection method. Specifically, it

divides indicators into the target, criterion, and indicator layers,

which, in turn, are further decomposed in a top-down manner to

form a pyramid indicator establishment process. Based on the input

−output method, the indicators of the freight transport industry are

divided into input and output. The former includes the established

infrastructure and future planned investment, and the latter can be

measured by freight volume. These two aspects can fully reflect the

development level of the freight transport industry from a macroper-

spective. Therefore, this study measured the development of the

freight transport industry from these two aspects. In a preliminary

selection, the development of the freight transport industry can be

measured on the basis of the following indicators.

(1) Infrastructure investment. The operating mileage of the transpor-

tation infrastructure is the foundation for the development of the

freight transport industry. Factors such as operating mileage,

including highway mileage, railway operating mileage, waterway

mileage, and air transport mileage, reflect the scale, accessibility,

and reliability of the freight transport industry. These factors are

basic indicators used to measure the development of the industry.

The amount of investment in freight transport reflects the future

development trend of the industry, and this indicator should also

be included. In addition, transportation is largely achieved by

transport carriers, and this indicator can be measured by the num-

ber of carriers.

(2) Size of the freight transport market. This reflects the total freight

transport services provided by the freight transport industry and

is the most direct manifestation of the functions of this industry.

The size of the market can be measured by the volume of goods

and the turnover of goods. Given that freight turnover reflects

both freight volume and transport distance, it is a more represen-

tative indicator.
(3) Boost in employment. The development of the freight transport

industry has also introduced a large number of jobs. The increase

in employment, in general, reflects the connection between the

freight transport industry and economic development. Through

employment, earned income is further converted into consump-

tion, thereby becoming a driving force for economic develop-

ment.

(4)Management level. The coordination between freight transport

and economic development depends not only on “hardware” but

also on “software,” especially rules and regulations, laws and

legislations, organizational planning, and operations manage-

ment.

(5) Size of the economy. The level of economic development can be

measured by the aggregate output, GDP per capita, and industrial

structure. The trend of economic development can be measured

by the economic growth rate or total investment.
(6) Other indicators. Examples include the rate of traffic accidents and

the degree of traffic congestion.

Improvement of indicators

The Statistical Bulletin on the Development of the Transporta-

tion Industry issued annually by the Ministry of Transportation

measures the development of the transportation industry from

four perspectives. Infrastructure, transportation facilities and

investment in fixed assets can be used as input indicators, and

transportation services can be used as output indicators. According

to the principles of comprehensiveness, dominance, dynamics, and

operability of indicator selection and the coefficient of determina-

tion of the indicators, the established infrastructure can be mea-

sured by the length of the route and the number of transport

carriers, future investment is measured by the investment in fixed

assets, and the freight transport market size is measured by freight

volume and freight turnover. Considering that freight turnover is

the product of freight volume and transportation distance, it is

selected as a more representative indicator. The number of

employees also reflects the development of the transportation

industry and should also be included as an indicator. Aggregate

output is an important indicator to measure the level of economic

development, followed by industrial structure. Therefore, the indi-

cator can be expressed by comparing the transportation industry

with the aggregate output, such as the coefficient of elasticity of
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the volume of cargo and economic development. According to the

concept of coordination between freight transport and social and

economic development, based on the decomposition of the input

and output characteristics of the freight transport system and

adhering to the principles of consistency between indicators and

objects of evaluation, comprehensiveness, dominance, dynamics,

and operability, a number of evaluation indicators have been

selected. In addition, the analytical hierarchy process is used to

screen and consolidate the indicators. The final evaluation index

system established is shown in Table 3. This system consists of

three levels. The first is the target level, namely, the coordination

between transportation and the economy. The second is the crite-

rion level, which includes five criteria: infrastructure, transport

carriers, freight services, the growth rate of freight transport, and

employment. The criterion level is the manifestation and analysis

object of coordination evaluation. The third is the indicator level,

which includes 10 specific quantitative indicators.

Nondimensionalization and weighting of indicators

Weighting methods are roughly divided into three types, subjec-

tive, objective, and comprehensive weighting; the latter combines

the first two types. Subjective weighting methods include the Delphi

method (the expert method) and the analytic hierarchy process.

Objective weighting methods include principal component analysis,

entropy, and mean-square error methods. The comprehensive

weighting method is a combination of subjective and objective

weighting and includes the TOPSIS method. Considering the particu-

larity of this study and the availability of data, this paper adopted an

objective weighting method that uses base points to calculate

weights, namely, the weighted minimum Euclidean distance method

based on ideal points. Assume that n evaluation objects and m sub-

targets affect each comprehensive evaluation value. Let Xij denote the

value of the jth subtarget of evaluation object i. Then, the matrix com-

posed of n objects and m subtarget values is ðXijÞðm�nÞ. To make differ-

ent evaluation objects comparable, the unit of the evaluation object

needs to be nondimensionalized. This paper adopted the relative

membership degree function to nondimensionalize Xij, with minXij

being the minimum value among the indicators j and maxXij being

the maximum value among the indicators j. The quantification

method is as follows.

(1) Obtain indicators directly according to Eq. 3:

ri ¼ a1 � Xij � b1 �minXij

� �

maxXij � b1 �minXij

s:t:0<a1�1;0�b1�1

: ð3Þ

(2) Calculate the obtained indicators according to Eq. 4:

ri ¼ a2 � Xij �minXij

� �� �

maxXij �minXij
þ b2

s:t:a2 þ b2 ¼ 1;0<a2�1;0�b2<1

ð4Þ

where a and b are adjustment coefficients. The normalized matrix for

n objects is R ¼ ðrijÞm� n, where the optimal object is G ¼ ð1;1;⋯;1ÞT
and the worst object is H ¼ ð0;0;⋯;0ÞT. The weights of the indicators

are obtained when the minimum of the sum of the distances from the

optimal object to the worst object is achieved. Assuming that the

weight vector of m subtargets is w ¼ ðw1;w2;⋯;wmÞT, thenminf ðwÞ is
obtained from Eq. 5:

minf wð Þ ¼
X

n

j¼1

fj wð Þ ¼
X

n

j¼1

X

n

i¼1

W2 1� rijð Þ2 þ r2ij

h i

s:t ¼

X

m

i¼1

wi ¼ 1

wi�0;

	

	

	

	

i ¼ 1;2;⋯;m

8

>

>

>

>

<

>

>

>

>

:

ð5Þ

Establishment of the coordination evaluation model

To compensate for the deficiency of gray average correlation anal-

ysis, this paper uses the modified algorithm to solve the model. The

specific solving steps are shown in Fig. 2.

Average degree of gray correlation

Concept of average degree of gray correlation

Let F : X! x and F be the numerical mapping sets of X, that is, F=

(first value normalization, mean normalization, maximum value nor-

malization, minimum value normalization, interval normalization,

and positive factor normalization) and x is the set of gray correlation

factors. Let x0 ¼ fx0ðkÞjk ¼ 1;2;3; . . .ng be the reference array and xi
¼ fxiðkÞjk ¼ 1;2;3; . . .ng be the comparative array, where

x0; xi 2 xði ¼ 1;2; . . .mÞ. Then, the correlation coefficient F between

the comparative array and the reference array at each point is given

by Eq. 6:

z01 kð Þ ¼
minimink

	

	

	

	

x0 kð Þ
	

	

	

	

þ rmaximaxk

	

	

	

	

x0 kð Þ � xi kð Þ
	

	

	

	

� �

	

	

	

	

x0 kð Þ � xi kð Þ
	

	

	

	

þ rmaximaxk

	

	

	

	

x0 kð Þ � xi kð Þ
	

	

	

	

� � ; ð6Þ

where r is the resolution coefficient. It has the maximum amount of

information and the maximum information resolution when

r2 1
2ðe�1Þ ;

1
2

h i

, and generally, its value is r ¼ 0:5. The average gray

Fig. 2. Model solving steps

Table. 3

Adaptability evaluation index system

Guidelines Indicators

Infrastructure Route mileage

Transport means Vehicles number

Freight Service Freight volume Freight turnover

Freight development speed Fixed investment, The proportion of fixed invest-

ment in total social investment, Mileage and

GDP elasticity coefficient, Freight Volume and

GDP Elasticity Coefficient, Freight Turnover

Volume and GDP Elasticity Coefficient

Employment Employees number
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correlation degree can be expressed as:

ri0 ¼ 1

n

X

n

i�1

z01 kð Þ: ð7Þ

Disadvantages of average degree of gray correlation

Eq. 7 shows that the average degree of gray correlation is obtained

by averaging the correlation coefficients between the comparative

array and the reference array at each point, while the importance of

each specific target in the comparative array and the reference array

has been ignored. In addition, with the algebraic sum
P

n

k¼1

z0iðkÞ of the
correlation coefficients of all points remaining constant, fluctuations

of the correlation coefficient z0iðkÞ at each point will not affect the

degree of correlation. Therefore, Eq. 7 has certain limitations in prac-

tice, so it is weighted to obtain Eq. 8:

ri0 ¼ 1

n

X

n

i¼1

z0iw kð Þ: ð8Þ

Weighted gray correlation degree

Assume that domain U ¼ fxjð1Þ; xjð2Þ;⋯; xjðnÞg; ðj ¼ 1;2;⋯;mÞ
where FuzzysetAj means that xjðkÞ is related to x0ðkÞ; then, Aj can be

expressed using Eq. 9 as:

Aj ¼ z0j 1ð Þ; z0j 2ð Þ;⋯; z0j nð Þ
h i

: ð9Þ

For any two FuzzysetsAj, the nearness degree between Alðj ¼ 1;2;

. . .mÞ can be expressed with the Euclidean distance degree, as shown

in Eq. 10:

N Aj;Ai

� �

¼ 1� 1
ffiffiffi

n
p

X

n

k¼1

z0i kð Þ � z0l kð Þ½ �2
( )1=2

: ð10Þ

Given Al ¼ ð1;1; . . . ;1Þ, it indicates the strongest correlation

between xl and x0, which is called ideal correlation. Therefore, the

nearness degree between Aj and the ideal correlation Ae can be the

correlation between xj and x0:

r0j ¼ 1� 1
ffiffiffi

n
p

X

n

k¼1

z0i kð Þ � 1½ �2
( )1=2

: ð11Þ

Eq. 10 is the gray Euclidean correlation degree. In practice, consid-

ering the different levels of influence of each element, Eqs. 10 and 11

can be converted into Eqs. 12 and 13 after the weight is introduced:

N Aj;Al

� �

¼ 1� 1

n

X

n

k¼1

z0l kð Þw kð Þ½ �1=2
( )

ð12Þ

r0j ¼ 1�
X

n

k¼1

z0i kð Þ � 1½ �2w kð Þ
( )

ð13Þ

The degree of correlation of the system reflects the degree of simi-

larity between the curves formed by the arrays of numbers and is an

overall measure of the degree of similarity between two curves.

Therefore, the similarity of the development trend of the system rep-

resented by the degree of correlation is not only related to the aver-

age value of the correlation coefficients at each point but also related

to the fluctuations of the correlation coefficients at each point to its

average value. For the comparative array xj and the reference array x0
at each point, assume that the fluctuation of the correlation coeffi-

cient z0jðkÞ between the two arrays, compared with the average value

r0j , is e0jðkÞ. Then, z0jðkÞ can be expressed using Eq. 14:

z0j kð Þ ¼ r0i þe0j kð Þ; ð14Þ

because

X

n

k¼1

w kð Þ ¼ 1: ð15Þ

Thus,

X

n

k¼1

e0j kð Þw kð Þ ¼ 0: ð16Þ

Therefore, Eq. 13 can be sorted as;

r0j ¼ 1�
X

n

k¼1

r0j �1
� �2

w kð Þ þ 2 r0j �1
� �

X

n

k¼1

e0j kð Þw kð Þ þ
X

n

k¼1

e
2
0i kð Þw kð Þ

" #1=2

¼ 1� r0j �1
� �2

þ
X

2

k¼1

e
2
0j kð Þw kð Þ

" #1=2 ð17Þ

Eq. 17 is the average gray Euclidean correlation degree after the

weight is introduced, compensating for the shortcomings of the aver-

age correlation degree to a certain extent and justifying the gray cor-

relation degree method of analysis. Eq. 17 not only considers the

influence of the average value r0j of the correlation coefficients

between the comparative array and the reference array at each point

on the degree of correlation but also considers the influence of the

fluctuations e0jðkÞ of the correlation coefficients at each point on the

degree of correlation. When r0j is constant, if e0jðkÞ increases, the

degree of correlation decreases. When e0jðkÞ is constant, if r0j
increases, the degree of correlation also increases. In particular, when

r0j ¼ 1; e0jðkÞ ¼ 0, the degree of correlation is the greatest, that is,

r0j ¼ ðr0jÞmax ¼ 1. At this time, the development trend of the compar-

ative array xj is exactly the same as that of the reference array. Con-

sidering that the freight transport structure is composed of five

modes of transportation, the coordination between the freight trans-

port structure and the level of economic development can be evalu-

ated comprehensively by the coordination between each mode of

transportation and the level of economic development. With differ-

ent modes of transportation playing different roles, the weight of a

mode can be measured by the proportion of this mode in freight

turnover. The coordination between the freight transport structure

and the economy can thus be measured by Eq. 18:

Sfre;eco ¼
X

5

i¼1

viSfre�1;eco; ð18Þ

where v represents the weights of various modes of transportation

and Sfre�1; eco represents the degree of coordination between the ith

mode of transportation and the economy.

Coordination analysis

Based on fuzzy theory and the establishment of the coordination

model, the coordination between the five modes of transportation in

the freight transport structure and economic development was eval-

uated. This paper conducted an empirical study of China’s freight

transport industry and economic development from 2016 to 2020

(only available at the time of conducting the research).

Data acquisition

Data in this paper come from sources that include the National

Bureau of Statistics (National Bureau of Statistics of China 2022) and

annual volumes of the China Transportation Statistical Yearbook

(China Statistical Yearbook 2020). The statistical data of each indica-

tor are shown in Table 4.
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Calculation of gray correlation

Evaluation values of indicators

Based on the value of the development level of the freight trans-

port industry, let the adjustment coefficients be a1 ¼ 1;b1 ¼ 0:6;

and b2 ¼ 0:6, and use the membership degree function to

nondimensionalize the indicators into numbers in [0,1]. The results

are shown in Table 5.

Weight assignment

The weights of the indicators were obtained using the weighted

minimum Euclidean distance method, as shown in Table 6.

Table. 4

(a) Road transport coordination indicators

Road Transportation Indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 470 477 485 501 520

Vehicles Number (ten thousand) 1352 1369 1356 1088 1172

Freight Volume (100 million tons) 334 369 396 344 455

Freight Turnover (100 million ton-kilometers) 61080 66772 71249 59636 60172

Fixed Tnvestment (100 million yuan) 17976 21253 21335 21895 24312

The Proportion of Investment in Total Social Investment 2.96% 3.31% 3.30% 3.90% 4.61%

Mileage and GDP Elasticity Coefficient 0.38 0.24 0.23 0.56 0.02

Freight Volume and GDP Elasticity Coefficient 0.89 1.5 1.09 -2.16 3.5

Freight Turnover Volume and GDP Elasticity Coefficient 0.79 1.35 1 -2.67 14.78

Employees Number (ten thousand people) 386 385 364 365 360

(b) Rail transport coordination indicators

Rail Transportation Indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 12 13 13 14 15

Trains Number (ten thousand) 76 81 84 88 91

Freight Volume (100 million tons) 33 37 40 44 46

Freight Turnover (100 million ton-kilometers) 23792 26962 28821 30182 30514

Fixed Tnvestment (100 million yuan) 7748.11 8006.19 8028 8029 7819

The Proportion of Investment in Total Social Investment 1.28% 1.25% 1.24% 1.43% 1.48%

Mileage and GDP Elasticity Coefficient 0.36 0.35 0.55 1.02 2.08

Freight Volume and GDP Elasticity Coefficient -0.11 1.55 1.37 1.48 1.69

Freight Turnover Volume and GDP Elasticity Coefficient 0.02 1.93 1.03 0.77 0.5

Employees Number (ten thousand people) 187 185 183 192 189

(c) Water transport coordination indicators

Water Transport Indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 12.71 12.70 12.71 12.73 12.77

Ships Number 15576 13178 11221 10115 117931

Freight Volume (100 million tons) 64 67 70 75 76

Freight Turnover (100 million ton-kilometers) 97339 98611 99053 103963 115578

Fixed Tnvestment (100 million yuan) 1417 1239 1191 1137 1330

The Proportion of Investment in Total Social Investment 0.23% 0.19% 0.18% 0.20% 0.25%

Mileage and GDP Elasticity Coefficient 0.01 -0.01 0.01 0.03 0.14

Freight Volume and GDP Elasticity Coefficient 0.59 0.67 0.78 1.04 0.87

Freight Turnover Volume and GDP Elasticity Coefficient 0.89 0.19 0.07 0.81 5.08

Employees Number (ten thousand people) 46 44 36 32 29

(d) Pipeline transport coordination indicators

Pipeline transport indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 11 12 12 13 13

Freight Volume (100 million tons) 7 8 9 9 8

Freight Turnover (100 million ton-kilometers) 4196 4784 5301 5350 5185

Fixed Tnvestment (100 million yuan) 263 348 323 280 264

The Proportion of Investment in Total Social Investment 0.04% 0.05% 0.05% 0.05% 0.05%

Mileage and GDP Elasticity Coefficient 0.64 0.75 0.38 0.58 0.75

Freight Volume and GDP Elasticity Coefficient -0.48 1.41 1.71 0.27 -4.66

Freight Turnover Volume and GDP Elasticity Coefficient -1.48 2.03 1.61 0.15 -1.4

Employees Number (ten thousand people) 3.64 3.7 3.39 2.65 2.48

(e) Air transport coordination indicators

Air Transportation Indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 635 748 838 948 943

Aircrafts Number 2950 3296 3639 3818 3903

Freight Volume (100 million tons) 0.07 0.07 0.07 0.08 0.067

Freight Turnover (100 million ton-kilometers) 222 244 263 263 240

Fixed Tnvestment (100 million yuan) 2220 2395 857 969 1050

The Proportion of Investment in Total Social Investment 0.37% 0.37% 0.13% 0.17% 0.2%

Mileage and GDP Elasticity Coefficient 2.85 2.59 1.79 2.16 -0.27

Freight Volume and GDP Elasticity Coefficient 0.91 0.82 0.7 0.31 -4.59

Freight Turnover Volume and GDP Elasticity Coefficient 1.02 1.37 1.16 0.04 -3.97

Employees Number (ten thousand people) 60 62 65 62 60.25
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Calculation of the average gray Euclidean correlation degree

The results of the average gray Euclidean correlation degree are

shown in Table 7.

The correlation of indicators indicates that in 2020, among all

modes of transport in the freight transport structure, rail transport

has the strongest correlation with economic development, followed

by air transport, pipeline transport and water transport. Road trans-

port has the weakest correlation. A possible reason for this result is

that China implemented the Action Plan in 2018, which requires opti-

mizing the structure of freight transport, greatly increasing the pro-

portion of freight carried by rail and promoting a 30% increase in the

volume of freight by rail in 2020 compared to 2017. Therefore, the

rail freight transport industry has developed rapidly in recent years.

Owing to the extensive air pollution and high energy consumption of

road transport, its development has been further slowed down in

recent years due to the implementation of the Action Plan, resulting

Table. 5

(a) Evaluation value of the road transport index

Road Transportation Indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 0.7892 0.8216 0.8523 0.9220 1.0000

Vehicles Number (ten thousand) 0.9765 1.0000 0.9821 0.6078 0.7247

Freight Volume (100 million tons) 0.5246 0.6603 0.7662 0.5616 1.0000

Freight Turnover (100 million ton-kilometers) 0.7133 0.8738 1.0000 0.6726 0.6877

Fixed Tnvestment (100 million yuan) 0.5316 0.7738 0.7799 0.8213 1.0000

The Proportion of Investment in Total Social Investment 0.4186 0.5423 0.5387 0.7503 1.0000

Mileage and GDP Elasticity Coefficient 0.8670 0.7601 0.7527 1.0000 0.6000

Freight Volume and GDP Elasticity Coefficient 0.8158 0.8587 0.8300 0.6000 1.0000

Freight Turnover Volume and GDP Elasticity Coefficient 0.6794 0.6922 0.6842 0.6000 1.0000

Employees Number (ten thousand people) 1.0000 0.9942 0.8746 0.8772 0.8471

(b) Evaluation value of the rail transport index

Rail Transportation Indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 0.6898 0.7316 0.7969 0.9110 1.0000

Trains Number (ten thousand) 0.6741 0.7709 0.8381 0.9216 1.0000

Freight Volume (100 million tons) 0.5221 0.6618 0.7941 0.9362 1.0000

Freight Turnover (100 million ton-kilometers) 0.5860 0.7813 0.8957 0.9795 1.0000

Fixed Tnvestment (100 million yuan) 0.9169 0.9933 0.9997 1.0000 0.9379

The Proportion of Investment in Total Social Investment 0.7214 0.6820 0.6749 0.9302 1.0000

Mileage and GDP Elasticity Coefficient 0.6032 0.6000 0.6467 0.7550 1.0000

Freight Volume and GDP Elasticity Coefficient 0.6000 0.9699 0.9287 0.9532 1.0000

Freight Turnover Volume and GDP Elasticity Coefficient 0.6000 1.0000 0.8109 0.7574 0.7001

Employees Number (ten thousand people) 0.9489 0.9169 0.8994 1.0000 0.9640

(c) Evaluation value of the water transport index

Water Transportation Indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 0.9883 0.9864 0.9883 0.9922 1.0000

Ships Number 0.0850 0.0636 0.0461 0.0362 1.0000

Freight Volume (100 million tons) 0.6742 0.7524 0.8444 0.9620 1.0000

Freight Turnover (100 million ton-kilometers) 0.6810 0.7033 0.7110 0.7969 1.0000

Fixed Tnvestment (100 million yuan) 1.0000 0.7572 0.6921 0.6186 0.8812

The Proportion of Investment in Total Social Investment 0.8691 0.5829 0.5212 0.6502 1.0000

Mileage and GDP Elasticity Coefficient 0.6596 0.6000 0.6601 0.6965 1.0000

Freight Volume and GDP Elasticity Coefficient 0.6000 0.6724 0.7673 1.0000 0.8529

Freight Turnover Volume and GDP Elasticity Coefficient 0.6659 0.6098 0.6000 0.6595 1.0000

Employees Number (ten thousand people) 1.0000 0.9330 0.6387 0.5040 0.4143

(d) Evaluation value of the pipeline transport index

Pipeline Transportation Indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 0.7478 0.8450 0.8945 0.9654 1.0000

Freight Volume (100 million tons) 0.6219 0.7737 0.9692 1.0000 0.8017

Freight Turnover (100 million ton-kilometers) 0.5926 0.8003 0.9827 1.0000 0.9418

Fixed Tnvestment (100 million yuan) 0.5524 1.0000 0.8685 0.6456 0.5573

The Proportion of Investment in Total Social Investment 0.6132 1.0000 0.8497 0.8497 0.8497

Mileage and GDP Elasticity Coefficient 0.8752 1.0000 0.6000 0.8124 1.0000

Freight Volume and GDP Elasticity Coefficient 0.8627 0.9815 1.0000 0.9093 0.6000

Freight Turnover Volume and GDP Elasticity Coefficient 0.6000 1.0000 0.9521 0.7858 0.6089

Employees Number (ten thousand people) 0.9764 1.0000 0.8604 0.5268 0.4492

(e) Evaluation value of the air transport index

Air Transportation Indicators 2016 2017 2018 2019 2020

Line Length (ten thousand kilometers) 0.4476 0.6476 0.8057 1.0000 0.9901

Aircrafts Number 0.5532 0.7154 0.8762 0.9602 1.0000

Freight Volume (100 million tons) 0.7587 0.8666 0.9602 1.0000 0.7842

Freight Turnover (100 million ton-kilometers) 0.6859 0.8485 0.9946 1.0000 0.8227

Fixed Tnvestment (100 million yuan) 0.9068 1.0000 0.1823 0.2420 0.2849

The Proportion of Investment in Total Social Investment 0.9745 1.0000 0.1807 0.3172 0.4067

Mileage and GDP Elasticity Coefficient 1.0000 0.9666 0.8637 0.9109 0.6000

Freight Volume and GDP Elasticity Coefficient 1.0000 0.9936 0.9844 0.9563 0.6000

Freight Turnover Volume and GDP Elasticity Coefficient 0.9732 1.0000 0.9840 0.9004 0.6000

Employees Number (ten thousand people) 0.8246 0.9251 1.0000 0.9224 0.8495
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in the decline in the correlation between the road freight transport

industry and economic development. China’s structural adjustment

of the freight transport industry has been recognized by major coun-

tries and regions around the world. Europe and the United States are

also increasing the proportion of rail freight transport. Increasing the

proportion of rail freight transport not only requires administrative

means but also the integration of rail transport and road transport,

the increase in the transport capacity on dedicated routes, and the

maximization of the efficiency of rail freight transport.

Evaluation of the coordination of freight transport structure

Generally, the standard of coordination evaluation is r ¼ 0:5. Spe-

cific standards are shown in Table 8.

Considering the degree of coordination between each mode of

transportation and economic development and the proportion of dif-

ferent modes in the structure of freight transport, the degree of coor-

dination between the structure of freight and economic development

is calculated. The results are shown in Table 9.

In terms of the degree of coordination between each mode of

transportation and the economy, rail transport has the greatest

degree of coordination in 2020 and is considered to be well coordi-

nated. Rail transport is followed by water and road transport, which

are considered to have a basic level of coordination. Pipeline trans-

port is considered relatively coordinated. Air transport has the lowest

degree of coordination and is considered undercoordinated. For each

mode of transportation:

(1) One possible reason for the decrease in the degree of coordination

of road transport between 2017 and 2019 may be the change in

statistical standards, which has reduced the number of trucks in

road transport and reduced the degree of membership of roads to

0.6. The Action Plan also aimed to reduce the proportion of road

transport, leading to a decrease in the volume of freight and the

turnover of road transport and thus a decrease in the coordination

of road transport.
(2) The coordination of rail freight transport has been greatly

improved. A possible reason for this improvement is the imple-

mentation of the Action Plan, which has improved the coordina-

tion between rail freight transport and the economy by increasing

the operating mileage, number of vehicles (Mirsadeghi, Rafsan-

jani, and Gupta, 2021), freight volume, and freight turnover of rail

transport, as well as future investment in fixed assets.

(3) The degree of coordination of the water freight transport industry

declined between 2016 and 2019, resulting mainly from the

decrease in operating profits and the change in statistical stand-

ards. These changes have reduced the number of ships and work-

ers involved in water transport. Fixed investment in water

transport has also been declining.
(4) The degree of coordination of the pipeline transport industry has

been declining in the past three years, mainly due to the decline

in fixed investment in pipeline transport and the number of

employees.

(5) The reason for the decrease in the degree of coordination of air

transport is the relatively low fixed investment in air transport in

China and the low volume and turnover of air freight. In terms of

the proportion of air transport in freight transport, the degree of

coordination of air transport hardly affects the coordination between

the structure of freight transport and economic development.

Table. 6

Indicator weight values

Indicators / Weight Road Rail Water Pipeline Air

Line Length 0.0691 0.096 0.0696 0.0784 0.0716

Vehicles Number 0.1338 0.096 0.1336 — 0.0716

Freight Volume 0.111 0.096 0.0696 0.0784 0.0716

Freight Turnover 0.1221 0.096 0.0696 0.0784 0.0716

Fixed Tnvestment 0.0691 0.096 0.1351 0.1445 0.1131

The Proportion of Investment in Total Social Investment 0.0691 0.096 0.1317 0.1052 0.1263

Mileage and GDP Elasticity Coefficient 0.0691 0.109 0.1088 0.1127 0.1166

Freight Volume and GDP Elasticity Coefficient 0.1329 0.0978 0.0696 0.1282 0.1376

Freight Turnover Volume and GDP Elasticity Coefficient 0.1329 0.1214 0.0739 0.1181 0.1376

Employees Number 0.0906 0.096 0.1385 0.1561 0.0825

Table. 7

Indicator relevance

Transport Modes/Relevance 2016 2017 2018 2019 2020

Road 0.5609 0.6656 0.6799 0.5530 0.6245

Rail 0.485 0.5831 0.6416 0.8681 0.8934

Water 0.6849 0.5691 0.5365 0.5876 0.6282

Pipeline 0.4679 0.7499 0.6885 0.5889 0.6286

Air 0.6801 0.7703 0.6309 0.6161 0.6574

Table. 8

Standards for judging the adaptability of freight transport structure and economic

development

uncoordination Under-

coordination

Relatively

coordination

Basic

coordination

Well

coordination

�0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0

Table. 9

Adaptability of freight structure to economic development

Transport modes/Year 2016 2017 2018 2019 2020

Road Coordination 0.7456 0.8104 0.8213 0.7064 0.8835

Percentage 76.73% 76.79% 72.88% 72.50% 73.87%

Rail Coordination 0.6828 0.8131 0.8259 0.9084 0.9542

Percentage 6.96% 7.60% 8.28% 8.59% 9.01%

Water Coordination 0.7253 0.6439 0.6034 0.6294 0.8926

Percentage 13.90% 13.64% 15.85% 16.12% 15.55%

Pipeline Coordination 0.7307 0.9521 0.8806 0.7983 0.7166

Percentage 1.68% 1.74% 1.94% 1.73% 1.56%

Air Coordination 0.8568 0.9231 0.7579 0.7887 0.6462

Percentage 0.01% 0.01% 0.02% 0.01% 0.01%

Evaluation of the coordination of freight structure 0.7328 0.7887 0.7798 0.7056 0.8887
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(6) In terms of coordination between the overall structure of freight

transport and economic development, between 2016 and 2019,

freight transport and economic development were moderately

coordinated, while the coordination of freight structure was sig-

nificantly improved in 2020. The main reason is that the imple-

mentation of the Action Plan increased the fixed investment in

railways, waterways and road transportation, the length of the

line, the volume of vehicles, freight volume and so on, which has

improved the coordination of the main transportation modes. In a

short period, promoting the rapid development of rail freight

transport may trigger a decline in the coordination of the overall

freight transport structure. This result indicates that in transform-

ing the structure of freight transport, attention needs to be paid to

the coordinated development of the five modes of transportation,

especially to promote the development of road−rail and road

−water intermodal transport.

Discussion

Evaluation of regional coordination

China is divided into four regions that vary by level of regional

development: the eastern, central, western, and northeast regions.

The coordination between the structure of transport and regional

economic development is studied. The eastern region comprises the

10 provinces and cities of Hainan, Guangdong, Fujian, Zhejiang,

Jiangsu, Shanghai, Shandong, Hebei, Beijing and Tianjin. The central

region includes the 6 provinces of Hubei, Hunan, Henan, Anhui,

Jiangxi, and Shanxi. The western region comprises the 12 provinces

and autonomous regions of Guangxi, Yunnan, Guizhou, Sichuan,

Chongqing, Tibet, Qinghai, Shaanxi, Gansu, the Ningxia Hui Autono-

mous Region, the Xinjiang Uygur Autonomous Region, and Inner

Mongolia. The northeastern region comprises the 3 provinces of

Liaoning, Jilin, and Heilongjiang. The evaluation of the coordination

between freight transport structure and the economy in 2019 for

each of the regions is shown in Table 10.

The freight transport structure and the economy in the eastern

and central regions are relatively coordinated. In the western and

northeastern regions, the situation is slightly better, with the two

being moderately coordinated. A possible reason behind this finding

is the mismatch between the freight demand structure and the

freight supply structure in the eastern and central regions. In the

western and northeastern regions, the freight demand is relatively

low. Therefore, the freight supply can effectively meet the demand

for freight, thus improving the coordination between the structure of

freight transport and the economy. This result indicates that the east-

ern and central regions remain key areas for the structural reform of

China’s freight transport in the future, as also demonstrated by the

calculations of (Gao et al. 2020).

Analysis of regional coordination

Among the five modes of transportation, road, rail and water

transportation are the main modes, while pipeline and air transport

are less related to the other modes due to their particularities. There-

fore, this paper focuses on the degree of coordination between roads

and railways, roads and water, and water and railways in the four

major regions of China. The results for 2020 are shown in Table 11.

Table 11 indicates there is good coordination between road and

rail transport in the eastern, central and western regions and basic

coordination in the northeast region. The coordination between road

and water transport is excellent in the eastern and northeast regions

and good in the western region but poor in the central region. The

coordination between rail and water transport is moderate in the

eastern, western, and northeastern regions, while it is poor in the

central region. The central region plays a critical role in China’s trans-

portation in linking the east and the west and connecting the south

to the north, forming a transportation network consisting of three

axes, three corridors, and four channels. Compared with the expan-

sion of the transportation network, the supply of freight is slightly

insufficient, reflected particularly in the poor connection between

road and water transport and between rail and water transport. The

lack of effective coordination and overall planning among the three

modes of transportation has resulted in the inefficient use of trans-

portation resources. The central region should fully use the Yangtze

River as China’s primary waterway, advance the development of

water transport infrastructure and comprehensive transportation

hubs, and effectively connect water transport with rail and road

transport in the central region. The region should also establish a

“two-stream, nine-tributary” waterway system represented by the

main artery of the Yangtze River and consisting of 11 high-grade

national waterways, namely, the Huai River, the Xiang River, the

Yuanshui River, the Han River, the Jianghan Canal, the Gan River, the

Xinjiang River, the Heyu Waterway, the Wushen Canal, and the Shay-

ing River. These initiatives will promote the coordinated develop-

ment of different modes of transportation in the central region.

Conclusion

To determine the areas and priority of future investment in Chi-

na’s freight transport industry, this paper based its analysis on the

weighted gray correlation analysis method in gray theory. This paper

then improved it using the weighted Euclidean method to evaluate

the degree of coordination between China’s freight transport struc-

ture and economic development from 2016 to 2020. The findings are

as follows.

(1) In terms of the degree of coordination between each mode of

transport and the economy, rail transport has the highest degree

of coordination in 2020 and is considered well-coordinated. Rail

transport is followed by water and road transport, which are con-

sidered to have a basic level of coordination. Air transport has the

lowest degree of coordination and is considered to be relatively

coordinated.

(2) From the perspective of the coordination between the overall

freight structure and economic development, the freight structure

and economic development were basically coordinated from

2016 to 2019, while the coordination of freight structure was

Table. 10

Evaluation of the Economic Adaptability of Freight Transport Structure in the Four Major Regions

Regions Eastern region Central region Western region Northeastern region

Coordination 0.7468 0.8256 0.8815 0.8718

Table. 11

Degree of coordination degree between road, waterway and railway

transportation modes

Regions Road-Rail Road-Water Rail-Water

Eastern region 0.945 0.952 0.828

Central region 0.917 0.692 0.626

Western region 0.902 0.919 0.794

Northeastern region 0.803 0.973 0.784
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improved to being well coordinated in 2020. This shows that

through a series of measures, the promotion of the Action Plan

has greatly improved the degree of coordination between the

freight structure and the economy.
(3) In terms of different regions, the freight transport structure and

the economy in the eastern and central regions are not well coor-

dinated, while in the western and northeastern regions, the situa-

tion was slightly better. A possible reason for this finding is the

mismatch between the freight demand structure and the freight

supply structure in the eastern and central regions. In the western

and northeastern regions, the freight demand is relatively low.

Therefore, the freight supply can effectively meet the freight

demand, improving the coordination between the freight trans-

port structure and the economy. This result indicates that the

eastern and central regions are still key areas for the supply-side

reform of China’s freight transport structure. In terms of the coor-

dination of different modes of transport, coordination between

road and rail transport is excellent in the eastern region, relatively

good in the central and western regions, but only moderate in the

northeast region. The coordination between road and water trans-

port is excellent in the eastern and northeastern regions, rela-

tively good in the western region, and poor in the central region.

The coordination between rail and water transport is moderate in

the eastern, western and northeast regions and poor in the central

region. Therefore, the central region is the primary area for the

reform of the supply side of China’s freight transport structure.

Owing to the lack of relevant data on modes of transportation, the

established index system for freight and economic development

remains incomprehensive. Future research may consider integrating

subjective and objective evaluations to further enrich the evaluation

index system and introduce data on factors such as traffic congestion

and traffic accidents. In addition, due to changes in statistical stand-

ards, inconsistencies in the data were observed, weakening the reli-

ability of the evaluation.
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economic growth in Côte d'Ivoire: A cointegration and causality analysis. Journal of
Sustainable Development, 4(6), 23.

Kennedy, C., Miller, E., Shalaby, A., Maclean, H., & Coleman, J. (2005). The four pillars of
sustainable urban transportation. Transport Reviews, 25(4), 393–414.

Kumar, A., & Anbanandam, R. (2019). Development of social sustainability index for
freight transportation system. Journal of Cleaner Production, 210, 77–92.

Kumar, N., Poonia, V., Gupta, B. B., & Goyal, M. K. (2021). A novel framework for risk

assessment and resilience of critical infrastructure towards climate change. Tech-
nological Forecasting and Social Change, 165, 120532.

Kumar, P. P., Parida, M., & Swami, M. (2013). Performance evaluation of multimodal
transportation systems. Procedia-Social and Behavioral Sciences, 104, 795–804.
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